The Fontan operation has provided life-saving palliation and adult survival for individuals born with single ventricle physiology. Many now seek advice about safe pregnancy. Little data are, however, available, consisting mainly of anecdotal experience and small series. This article seeks to review the published literature and identify lessons learnt from this collective experience.
U
npalliated individuals born with single ventricular (SV) physiology used to have high mortality during the childhood years. The Fontan operation surgically redirects caval venous return directly to the pulmonary circulation without first passing through the single ventricle heart chamber. These abnormal connections, though remedial of cyanosis, ventricular volume load, and unbalanced pulmonary blood flow, create exceptional challenges for the cardiovascular system. 1, 2 The hallmark cardiovascular features of the Fontan operation are summarized in Table 1 . [3] [4] [5] [6] [7] Despite these profound cardiovascular challenges, survival into adulthood is now commonplace. 8 Many women with such palliated SV physiology now strive to achieve safe pregnancies. However, because late cardiovascular morbidity and extracardiac organ dysfunction occur with increasing frequency, it is imperative to carefully consider potential adverse interactions between the cardiovascular system and pregnancy. [9] [10] [11] The adverse cardiovascular physiology and late morbidity of Fontan circulations may potentially aggravate or indeed itself be aggravated by the physiology of pregnancy, including both the hemodynamic impact and the prothrombotic risks.
Given the potentially complex series of interactions and influence on pregnancy outcomes, this article aims to conduct a systematic review and summarize the published literature on pregnancy among women with a Fontan circulation and use this to outline the lessons learnt from this collective wisdom.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. A systematic review of the literature that evaluated maternal and fetal outcomes during pregnancy in women with a Fontan circulation was conducted. All studies were considered eligible if they included ≥5 pregnancies and if pregnancy and cardiovascular outcomes information was included. Case reports or small case series (ie, ≤5 pregnancies), and studies reporting delivery only data, without maternal cardiac information, were excluded.
We searched PubMed and the Cochrane Library for all studies published in English between years 1990 and 2017 with search criteria including the following terms: Pregnancy and any of the following Fontan, single ventricle, double inlet left ventricle, tricuspid atresia, hypoplastic left heart syndrome, hypoplastic right heart syndrome, unbalanced atrioventricular septal defect, or univentricular atrioventricular connection.
RESULTS
A total of 1150 studies were reviewed for eligibility ( Figure 1 ). Of these, the majority was excluded (939 studies) based on the exclusion criteria. The most common reason being that the articles dealt with fetal SV heart rather than maternal SV heart. Of these excluded studies, 29 reports were single cases or small case series of <5 pregnancies. These excluded reports included a total of 31 women, having 37 deliveries, among whom 2 had 4 consecutive pregnancies each, and 2 had twin pregnancies. There were no deaths reported in these case reports. Of the 13 potentially eligible studies, 7 were excluded based on different population selection (ie, not only women with a Fontan circulation), different outcomes not relevant to this report, and no data about pregnancy outcomes. [12] [13] [14] [15] [16] [17] [18] The final 6 studies included in this report included a total of 255 pregnancies among 133 women with a Fontan circulation and SV physiology. [19] [20] [21] [22] [23] [24] Two independent researchers (A.G. and G.R.V.) assessed whether inclusion and exclusion were performed correctly. In case of disagreement, an agreement was negotiated. References of selected papers were crosschecked for other relevant stud-
WHAT IS KNOWN
• Fontan palliation is a life-saving surgical procedure for patients with complex congenital heart disease.
• Fontan palliation results in derangement of the normal cardiovascular hemodynamics that might adversely affect pregnancy.
WHAT THE STUDY ADDS
• Arrhythmias and heart failure are the most frequent cardiac complications among women after Fontan palliation during pregnancy.
• Miscarriages are common in these patients, and successful pregnancies can be frequently complicated with premature deliveries and intrauterine growth retardation.
• Postpartum hemorrhage is common among these patients. 
Patient Characteristics
Underlying anatomic description and the type of surgical correction were not uniformly reported. However, tricuspid atresia appeared to the most common underlying cause, and there was an equal distribution of atriopulmonary and total cavopulmonary Fontan ( Table 2 ). There was limited prepregnancy information; however, arrhythmias appeared to be relatively common (Table 2) .
Maternal Cardiovascular Complications

Mortality and Later Cardiovascular Morbidity
There were no reported maternal mortalities in the reported literature. However, there were at least 2 potentially life-threatening complications associated with pulmonary embolism in the immediate postpartum period. 14, 17 Late postpartum effects are poorly documented in the published literature. Pundi et al 22 reported 1 death, 11 years after successful pregnancy (cause of death unknown), and 1 cardiac transplantation, for progressive heart failure (HF), 1 year after therapeutic termination (Tables 2 and 3 ; Figure 2 ).
Supraventricular Arrhythmia
The most common cardiovascular complication during pregnancy was supraventricular arrhythmia, described in 15 of 198 pregnancies with available data (ie, overall prevalence of 8.4%; range, 3%-37%). Arrhythmia occurred mostly in the third trimester and responded to conventional treatment approaches described in Table 3 .
Heart Failure
The second most common cardiovascular complication was HF, described in 7 of 198 pregnancies (overall prevalence, 3.9%; range, 3%-11%). HF was observed in the postpartum period in 4 of the 7 cases reported across the studies. In at least 1 case, HF was associated with persistent atrial fibrillation.
Other Cardiovascular Complications
Pundi et al 22 described bradycardia in 3 of 19 pregnancies, requiring pacemaker therapy during pregnancy. Two of these pregnancies resulted in premature delivery at 27 and 29 weeks, respectively.
Anticoagulation, Antiplatelet Therapy, and Hemostatic Complications
Only 4 studies reported data on anticoagulation or antiplatelet strategies during pregnancy and hemostatic complications. Most patients were on antiplatelet agents (27%) or anticoagulants (50%). In 12 of the Data are listed according to maternal cardiovascular complications during pregnancy and total pregnancy losses. French M3C network denotes 13 centers of the French M3C network for patients with complex cardiac malformations. CONCOR registry was funded by the Netherlands Heart Foundation and a Belgian tertiary medical center's adult congenital heart disease database. AP indicates atriopulmonary fontan; AVVI, Atrio-ventricular valve insufficiency; CONCOR, congenital corvitia; DCR, direct current cardioversion; DILV, double inlet left ventricle; Dom, dominant ventricle; DORV, double outlet right ventricle; EF, ejection fraction; HF, heart failure; HLHS, hypoplastic left heart syndrome; LV, left ventricle; NYHA, New York Heart Association; PA/IVS, pulmonary atresia intact ventricular septum; PM, pacemaker during pregnancy; RA-AV, right atrial atrioventricular Fontan; RV, right ventricle; SE, systemic embolism; SVA, supraventricular arrhythmia; SVT, supraventricular tachycardia; T.Atresia, tricuspid atresia; TCPC, total cavopulmonary connection; TOP, termination of pregnancy; UCLA, University of California Los Angeles; and V., ventricle.
*Among 19 available data pregnancies. †Among 14 available data pregnancies resulted in a birth.
total 113 women (11%) with available data, no anticoagulation or antiplatelet was used. Overall bleeding complications occurred in 28 pregnancies (25%), including 12 (11%) with antepartum hemorrhage and 16 patients with postpartum hemorrhage (PPH; 14%). PPH was not associated with a specific anticoagulation regimen. This complication occurred in patients with anticoagulants, as well as in patients with antiplatelet therapy or no treatment (Table 4) .
Obstetric and Fetal Complications
Miscarriages and Prematurity
There were a total of 137 pregnancy losses among 255 pregnancies (54%; Tables 2, 4 through 6; Figure 3 ). Of these, 115 (45%; range, 27%-67%) were spontaneous miscarriages, 19 (7%) were medically or surgically induced termination of pregnancy, 1 was an ectopic pregnancy (1%), and there were 2 stillbirths (1%). In addition, there were 68 premature deliveries (59%) and 6 neonatal deaths (5%) among 115 live births (Table 5) . Causes of prematurity were not specified, particularly iatrogenic prematurity induced by an early planned delivery for maternal cardiac reasons was not mentioned. However, premature rupture of membranes was reported in 10 patients among a total of 161 pregnancies (6.2%), and antepartum hemorrhage including abruption placentae was diagnosed in 10 pregnancies among a total of 109 pregnancies (10.9%). In Gouton et al 21 study, atriopulmonary Fontan was diagnosed in 3 pregnancies. At the time of this bleeding events, the women were receiving antiplatelet therapy, prophylactic anticoagulation with unfractionated heparin, and therapeutic anticoagulation with low molecular weight heparin, respectively ( Table 6 ).
Mode of Delivery
Overall, in the reported cohort, cesarean-section (CS) was performed in 40 of 70 reported pregnancies, that is, a prevalence of 57.1% (range, 42%-79%). Canobbio et al 19 reported 11 CS among 14 women with live births and with available data (78.6%). Indications for CS included 1 preterm labor, 1 failure to progress, 1 footling breech presentation, and 8 unknown. Drenthen et al 20 described CS in 3 of the 4 viable pregnan- HF indicates heart failure; SE, systemic embolism; and SVA, supraventricular arrhythmia. 24 reported CS in 7 of 14 Fontan pregnancies. Additional obstetric and noncardiac complications are listed in Table 6 .
DISCUSSION
Understanding the interactions between pregnancy and Fontan hemodynamics, as well as being aware of the potential obstetric complications that may arise, is fundamental to providing counseling and sound medical care for women with a Fontan circulation undergoing pregnancy. In this review, we demonstrated that although no deaths were demonstrated, there are many potential serious complications that arise during pregnancy associated with a Fontan circulation. Probably, these early series included typically those patients after the Fontan procedure with good ventricular function, no severe valve dysfunction, and good exercise capacity. A selection bias in the available literature seems likely as women with ventricular dysfunction, or other problems will have been counseled against pregnancy. The main cardiovascular complications were arrhythmia and heart failure, and the dominant obstetric complications were miscarriages, PPH, prematurity, and most likely also intrauterine growth restriction although the numbers were too small to be certain. The absence of a strong association between maternal anticoagulation and bleeding might suggest that factors other than maternal anticoagulation could contribute to PPH in this patient population.
Cardiovascular Complications
Supraventricular arrhythmia was the most common cardiovascular adverse event observed in the published series, occurring in a tenth of women. In all, the arrhythmia was responsive to treatment approaches, including β-blocker therapy, calcium channel blockade, sotalol, and amiodarone. For acute termination, flecainide (category C) and amiodarone (category D), as well as electrical cardioversion, were applied successfully. Most of the supraventricular arrhythmia episodes occurred after the first trimester. Pregnancy is well recognized to lower the threshold for ventricular and atrial arrhythmia through a variety of neurohormonal mechanisms. 21 Fontan patients also have an inherent propensity toward atrial arrhythmia. This is driven by sinus node disease, surgical scar burden, altered atrial tissue organization, and acquired atrial and ventricular myocardial connexon injury. This synergistic environment between pregnancy and Fontan circulations provides an ample milieu for arrhythmia generation.
The second most frequent cardiovascular complication was acute HF. Interestingly, HF occurred not only in the third trimester but also frequently in the postpartum period. There may be multiple reasons or a combination of reason for this: (1) Fluid shifts occurring in the early postpartum period as the uterus contracts and auto-boluses ≈250 cc of blood in an already volume loaded circulation. Furthermore, there may be persistent fluid overload for weeks after post-partum which might impact development of acute HF. (2) Diastolic dysfunction in Fontan patients is often under-recognized and occurs frequently in asymptomatic patients. 25, 26 (3) At term, diminution in myocardial strain has also been demonstrated in the peripartum period. The management of acute HF is similar to nonpregnant Fontan patients, with the exception of avoiding fetotoxic medications (ie, angiotensin-converting enzyme inhibitors and angiotensin receptor blockade, no data as yet on neprolysin inhibition -based on Food and Drug Administration categories). 28 Diuretics should be used with caution in Fontan patients to avoid too low preload. It is important to evaluate for occult arrhythmia, pathway thrombosis, gestational hypertension and preeclampsia, and anemia as potential causes for HF. These potential triggers may occur on the back of unrecognized underlying pathway obstruction, elevated pulmonary vascular resistance, and systolic or diastolic disease of the systemic ventricle and need prompt treatment. Defining HF is always difficult in the Fontan population because factors other than primary ventricular dysfunction, such as elevated pulmonary vascular resistance, could potentially result in symptoms. Hence, it is important to have a broad perspective in the evaluation of these patients and not be limited to treating primary ventricular dysfunction. In addition, pregnancy itself may mimic severe heart failure symptoms, such as shortness of breath and edema. 29 Finally, the possible adverse impact of pregnancy on long-term outcome in Fontan patient remains unclear because of the lack of sufficient data. Irreversible deterioration may occur because of the increased cardiac output, occurrence of arrhythmia, or possible pulmonary embolisms leading to elevated pulmonary pressures. The delicate balance in the Fontan physiology may be disturbed by the pregnancy and not restored afterward.
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Obstetric Complications
The CS rate was high in the reported literature, documented in ≈2/3 of women. This is much higher compared with the national average of the countries involved in the study which ranges from 11% to 32% during the study time period. 30 Indications for CS included preterm labor, failure to progress, and breech presentation. Vaginal delivery remains the more preferable approach to delivery because it is associated with a lower risk of PPH and a better fetal outcome. 12, 31 However, this is in the context of a high-risk mother, who might need urgent CS because of factors, such as maternal hemodynamic decompensation.
The most frequent obstetric complications detected was PPH, occurring in half of women in the larger series. In the general population of pregnant women, PPH occurs at a rate of 2.9% to 6%, and the rate of hemorrhagic complications while on anticoagulation in the postpartum period is estimated between CHD indicates congenital heart disease; ND, neonatal death; NR, not reported; PD, premature delivery; and SGA, small for gestational age.
*Twenty-nine live births were reported, but only 22 had information on outcomes. †Overall percentage was calculated after exclusion of the cohorts which did not report the particular variable.
2% and 11%. 32 Uterine atony is probably the most predominant cause of PPH. This may well be driven by the general practice of restricting uterotonic usage because of concerns for tachycardia, hypotension, and fluid retention in women with cardiac disease. Its safe use, however, has been demonstrated in a recent publication. 33 It is also plausible that abnormal vascular malformations, underlying liver disease, and thrombotic disorders in the Fontan population could have contributed to PPH. 34 In this review, a likely contributing factor to PPH was antiplatelet and anticoagulant therapy; however, this association is not straightforward. In Cauldwell's series, where women were managed only on prophylactic low molecular weight heparin and was stopped well before delivery, the incidence of bleeding was still high. 24 It is worthy to note that bleeding risk in Fontan patients outside of pregnancy is a recognized and perhaps under-reported phenomenon. 35 Antepartum pulmonary embolism, and cerebral ischemic events, was denoted in isolated cases only. The Fontan state itself, even in the most current iterations of the circulation, as well as pregnancy per se, represents a prothrombotic state. 34 Procoagulants increase (factors 5, 8, Von Willebrand factor, and fibrinogen) and greater resistance to endogenous anticoagulants (decreased protein C, S, and more placental tissue plasminogen activator) occurs during pregnancy. 29 It is, therefore, not unreasonable to consider prophylactic therapeutic anticoagulation during pregnancy after individualized assessment of risks and benefits. This poses a therapeutic conundrum, balancing risks of bleeding versus thrombosis. We recommend therapeutic anticoagulation for pregnant patients with Fontan circulation who have prepregnancy history of arrhythmias or develop arrhythmias during pregnancy and for those with history of thromboembolic events.
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Fetal and Neonatal Complications
We found a high incidence of fetal and neonatal events. Miscarriages, isolated and recurrent, affected at least half of women. This high percentage needs special attention during counseling of women with Fontan procedure. Among live births, >50% were premature whereas SGA was diagnosed in 20%. It is likely that these early pregnancy losses, as well as the high incidence of prematurity and intrauterine growth restriction, are driven by a combination of factors, including placental insufficiency, intrinsic morphological uterine abnormalities, adverse hemodynamics including limited cardiac output, neurohormonal environment of the Fontan circulation, maternal medication (eg, β-blockers and vitamin K antagonists), and iatrogenic errors in decision making regarding time of delivery. 14, 15, [36] [37] [38] Overall, these phenomena lead to an adverse uterine environment for the developing fetus leading to neonatal sequela in case of live birth.
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Limitations
This review is limited by the small numbers included and by the incomplete nature of the individual data points within each study. The limited numbers could at least partly be attributed to subfertility or infertility and menstrual disorders that are commonly encountered in this population in addition to the counseling offered to the patients against the pregnancy. In addition, the outcomes (main and subgroup analysis) reported in each series, varies considerably leading to heterogeneity in the review. Furthermore, the limited number of patients with a systemic left ventricle, such as hypoplastic left heart syndrome, makes it difficult to comment on the role of the ventricular morphology in pregnancy outcomes among patients with Fontan physiology. There are several potential biases in the included studies. First, there may be an inherent reporting bias against mortality and severe morbidity outcomes. Second, there is likely a selection bias toward those patients with good Fontan hemodynamics whereas those patients with an unfavorable physiology strongly were advised against pregnancy. However, the impact of physician advice on pregnancy outcomes is still not yet clear and requires further studies. Finally, in several studies, data collection was a combination of patient response questionnaires or medical records review. This may preclude inclusion of women who experienced debilitating morbidity or were deceased. However, it may also have increased the accuracy of the reporting of termination and mis- carriage, with information sharing supported by the anonymized data collection process. The potential for selection bias against sicker women is present in all studies, with these women potentially not surviving to consideration of or reaching child bearing age. In 2 papers, it is possible that data collection may have produced some overlap of women included.
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Conclusions
Retrospective review of the published literature in pregnant women with a relatively well-functioning Fontan circulation suggests that although pregnancy is relatively well tolerated, it remains a high risk undertaking, and the potential morbidities are both high and may be life threatening. Reporting and selection bias may have resulted in the apparent absence of actual mortalities. The most frequent cardiovascular adverse events were supraventricular arrhythmia and decompensated HF, all of which were treated with conventional treatment strategies. PPH, prematurity, and perhaps intrauterine growth restriction occur commonly. Antenatal counseling because of the high risk of recurrent miscarriages is of paramount importance. Clinicians should be aware of the hemorrhagic tendency during pregnancy in addition to the thrombotic tendency of the Fontan physiology and be ready to handle these complications in the peripartum period. The indications for anticoagulation and antiplatelet therapy among pregnant women with Fontan circulation need further investigation. HF can complicate the puerperium, and clinicians should be ready to tackle these complications. Further study of the potential causes of PPH, recurrent miscarriage, and prematurity, such as uterine atony and placental insufficiency, are needed. In addition, attention for the longer-term postpartum effects of pregnancy on the Fontan circulation is warranted.
